Summary. The addition of fructose to natural meals elicits lower serum glucose and immunoreactive insulin responses when compared with that of sucrose and starch meals. Differences in rates of splanchnic glucose appearance and peripheral glucose disposal may be partly responsible. To evaluate the role of both parameters after different carbohydrate-enriched meals, we measured the arterialized venous blood glucose, immunoreactive insulin and gastric inhibitory polypeptide concentrations in seven Type 2 diabetic patients after ingestion of isocaloric test meals. Measurements were made in a random manner on three separate occasions. Fructose, sucrose, and bread supplementation constituted 68% of the total carbohydrate content of each meal. Rates of total glucose appearance, glucose utilization and metabolic clearance rates of glucose were determined by the Da-H-3glucose prime-continuous infusion technique. The mean fasting glucose levels were similar in the three groups. Mean peak glucose concentrations and integrated incremental areas were significantly lower (p < 0.02) after the fructose-enriched meals compared with that of either sucrose or bread. The basal arterialized venous blood glucose levels were similar in all three groups. The mean incremental integrated arterialized venous blood glucose area was significantly lower in the fructose group when compared with the sucrose (p < 0.05) and bread (p < 0.02) groups. The mean fasting gastric inhibitory polypeptide levels were similar in the three groups. However, the mean incremental integrated gastric inhibitory polypeptide areas were significantly lower in the fructose group compared with the sucrose and bread groups (p < 0.01 and p < 0.05 respectively). Basal hepatic glucose outputs were not significantly different in the three groups. After each test meal ingestion, the rate of total glucose appearance was lowest for the fructose group, intermediate for the bread group and highest for the sucrose group. However, the metabolic clearance rate did not change from the baseline despite variable arterialized venous blood glucose responses after each test meal. We conclude that the differences in glycaemic responses after carbohydrate-enriched meals cannot be ascribed solely to differences in peripheral glucose disposal in Type 2 diabetic patients. Rather, the rates of total splanchnic glucose output appear to determine the ultimate glycaemic responses after different carbohydrate-enriched meals in Type 2 diabetic patients.
Recent reports indicate that both high and complex carbohydrate (CHO) meals improve glycaemic control in some diabetic patients (1, (2) (3) (4) (5) (6) . In this regard, the Committee of Food and Nutrition of The American Diabetic Association (ADA) has recommended that 50-60% of the total energy intake of Type I (insulin-dependent) and Type 2 (non-insulin-dependent) diabetic patients be derived from complex CHO [1] . Even though simple sugars have been specifically discouraged in the diet of diabetic patients, some investigators have recommended fructose supplements in order to improve dietary compliance in diabetic patients [7, 8] . In support of their findings, it has been shown that fructose elicits lower blood glucose levels while sucrose and potato elicit higher but similar glycaemic responses [7] [8] [9] [10] [11] [12] [13] [14] [15] . In addition, the physical form of the carbohydrate may influence the glycaemic and hormonal responses after oral ingestion [15] [16] [17] [18] .
Invasive hepatic vein catherization techniques have been used to study glucose turnover rates after the ingestion of different carbohydrates [19] . The use of noninvasive isotope techniques to study postmeal glucose turnover rates and metabolism have rarely been employed in man [20, 21] . In most previous studies, these carbohydrates were given as either oral formula drinks or by intraduodenal and intravenous infusions, which are unnatural for diabetic patients [20, 21] . Only a few studies have employed natural food plans similar to usual American meals to elucidate tl)e contribution of different carbohydrates to total splanchnic glucose output (TSGO) and glucose turnover. This is important since both the quality and quantity of the carbohydrate meal determine ultimate serum glycaemic responses and perhaps patient compliance [13] [14] [15] [16] . Jenkins et al. [13] have determined glycaemic indices of several food items as an aid for food selection in the diabetic population. However, since each food item was given in isolation, it is difficult to extrapolate their findings to natural mixed meals.
This study was therefore designed to evaluate glucose turnover rates using the D&H-3glucose infusion technique after ingestion of breakfast mixed meals enriched with either fructose, sucrose, or bread in Type 2 diabetic patients. The aim of the study was to determine whether differences in glycaemic responses after carbohydrate-enriched meals were due to differences in peripheral glucose disposal as assessed by the metabolic clearance rates of glucose or by the total splanchnic glucose output in these patients.
Subjects and methods
Seven Type 2 diabetic patients (3 females and 4 males) were studied. The clinical characteristics of the patients are shown in Table 1 . All except one patient were on oral hypoglycaemic agents or insulin and continued the same dose throughout the study period. None of the patients had liver or renal disease or clinical evidence of visceral autonomic neuropathy. Dietary recalls were done by a registered dietician to ensure that the patients were on an isocaloric weight-maintaining diet comprising 45% carbohydrate, 40% fat and 15% protein. Patients were instructed to continue the same diet and exercise program during the study period. No significant weight changes occurred in any patient during the 3 visits for the study.
Informed written consent approved by both The Ohio State University Human Research and Radiation Safety Committees was obtained from each patient. Table 2 shows the composition of sucrose-, fructose-, and starch-enriched test meals. The sucrose, fructose, or starch supplementation constituted 50% of the total caloric content (500 kcal) and 68% of the total carbohydrate content of each meal, Sucrose or fructose supplementation was added to the natural basic meal in a crystalline form. The starch used in our study was pita bread. Each breakfast meal was given in a randomized manner on 3 occasions separated by at least 7 days. The food was freshly prepared on the morning of the study by the metabolic kitchen staff of the Clinical Research Centre. Carbohydrate, protein, and fat contents of the 3 meals were calculated from established Bowes and Church's Food Values published previously [22] , and, where applicable, from the manufacturers' label on the containers. Chemical analysis of the different food items was not performed.
Study design
Patients were admitted to the Centre at 08:00 h on the day of study after a 10-12 h overnight fast. A 19-gauge scalp vein needle was inserted in a retrograde manner in a dorsal vein of the contralateral hand and kept patent with 0.9% N saline. The hand was then kept in a thermoregulated heat box with a temperature of 70 ± 2 °C for arterialization of the venous blood and sampling. A second 19-gauge scalp vein needle was inserted in a forearm vein in an antegrade fashion. A prime-continuous tracer infusion of sterile, pyrogen-free D3-H-3glu-cose (specific activity 10.8 Ci/mmol, New England Nuclear, Boston, MA, USA) in 0.9% N saline was used. A priming dose of 25 l.tCi/min was given followed by a continuous infusion of 0.25 ~Ci/min throughout the entire study period of 330 rain. The prime dose and tracer infusion rates were adjusted according to the fasting serum glucose levels. After at least 120 min of isotope infusion, two blood samples were obtained at 20 rain intervals for estimation of specific glucose activity (SA), serum glucose, arterialized venous glucose (IRI) and gastric inhibitory polypeptide (GIP). The means of these 2 values were used to represent the baseline values. Patients then ingested the test meal within 20 min. The first bite was considered the commencement of the meal tolerance test. Blood samples were obtained at 20 min intervals for the next 180 rain. Samples were immediately centrifuged at 4°(2, then sera were collected and frozen at -20°C until assayed. Urine specimens were collected during the 180 rain test period for glucose measurement.
Chemical analyses
Serum and urine glucose were determined by the glucose oxidase method using the Beckman autoanalyzer (Beckman Instruments, IN, USA) . The sensitivity of the assay was less than 2.5 ~U/ml serum. The inter-and intra-assay coefficients of variation were 14% and 6% respectively. GIP levels were determined by RIA technique using a GIP standard (Type EG III 6/19/80) (Quadralogic Technologies, Inc., Vancouver, BC, Canada). The GIP antibody was provided by Dr. V Marks of the University of Surrey, England. Rabbit anti-porcine antibody was used in a final dilution of 1 : 30,000. The sensitivity of the assay was 225 pg/ml serum. The intra-and inter-assay coefficients of variation were 5% and 15% respectively. There was no cross-reactivity between GIP, glucagon, vasoactive intestinal polypeptide (VIP) or bombesin in our assay.
Glucose turnover rates were determined by the single isotope dilution technique using DLH-3glucose as previously described [24] [25] [26] . In brief, duplicate plasma samples of 0.4 ml were added to 0.4 ml of chilled 3 mol/1 perchloric acid to deproteinize plasma proteins. After 20 min of centrifugation at 4°C and 3,000 x g, 0.5 ml of the supernatant was aspirated, neutralized with NaHCO3 and placed in scintillation vials. The samples were then evaporated to dryness (to eliminate tritiated water) and reconstituted with 0.5 ml deionized distilled water. Four and one-half ml of scintillation liquid (Acquasol) was added to each vial and then counted for 10 min in a liquid scintillation spectrometer (Packard Instruments, Downer Grove, IL, USA) using an internal quench. The specific activity of glucose was calculated by dividing the total radioactive counts per rain (after correction for dilution) by the ambient glucose concentration. The flow rate (F) of the tracer infusion was determined by the activity in a given volume of the infusate per unit time.
In the steady post-absorptive state, the glucose entering the circulation is derived predominantly from the liver. Thus the total rate of glucose appearance (RA) in the steady state is the same as the basal hepatic glucose output (HGO). In the steady state the total RA also equals the RD (rate of glucose disappearance), RA= RD = F/SA, where SA is the specific glucose activity at the baseline. After oral CHO meal ingestion, glucose begins to enter the circulation, thus dis-turbing the steady state. The Steele's equation of unsteady state kinetics [27] was used to calculate the glucose flux rates as follows: RA = IF -p.V.G, a/t]. l/a RD = RA -p.V.G. 1/t where RA = rates of glucose appearance, RD = rates of glucose disappearance, G = averages of glucose concentration (mg/ml), a = glucose specific activity (cpm/min) during the interval t=20min; G and a = changes in the glucose concentration and specific activity respectively during the t=20min; F=tracer dose infused (cpm/min), V = apparent distribution space of glucose, (taken as 200 ml/kg) and p = 0.65, pool fraction of glucose space [25, 27, 28] .
In the presence of glycosuria, RD=RU+RE, where RU is the rate of glucose uptake by the tissues and RE is the rate of urinary glucose excretion. The metabolic clearance rate of glucose (MCR) was calculated by dividing the RU by the ambient serum glucose concentration [29, 30] .
Statistical analysis
Results are expressed as the mean _+ SEM. Because of variability in the fasting glucose, insulin, GIP, RA and RU values, we analyzed both the absolute as well as the postprandial incremental values. Individual increments were computed by subtracting basal values from the respective values at 20 min intervals. Incremental integrated areas were computed by the trapezoidal rule using a Hewlett-Packard Programmable Computer (Model #9100B). Statistical analyses were performed using two-tailed Student's paired and unpaired t-tests and ANOVA where appropriate, p < 0.05 considered statistically significant. Table 3 shows the mean baseline and postprandial serum glucose, insulin, RA, RU and MCR values after the ingestion of fructose-, sucrose-, and bread-enriched test meals. Mean fasting serum glucose levels were similar in all 3 groups (fructose, 205+22mg/dl; sucrose, 191 _+ 17 mg/dl; bread, 207 +_ 16 mg/dl). After the fructose-enriched meal, mean serum glucose responses were lower compared with that of either the sucrose-or bread-enriched meals. Mean peak glucose levels occurred at 60 rain in all 3 groups, but values were significantly (p < 0.02) lower after the fructose-compared with either sucrose-or starch-enriched meals. Both sucrose-and bread-enriched meals elicited identical glucose peaks. At 160 and 180 min, mean serum glucose levels were not statistically significant between the fructose and sucrose groups. However, the bread group maintained significantly (p < 0.02) higher glucose levels compared with the fructose group at both 160 and 180min. Mean incremental integrated glucose areas were significantly lower (p < 0.02) in the fructose group compared with both sucrose and bread groups (Table 4) . Mean incremental integrated glucose areas were not different between the sucrose and bread groups.
Results
The mean fasting serum IRI levels were similar in the 3 groups (fructose: 13.2+_3.3; sucrose 14.8+_4.9; bread 16.9 +_ 4.5~tU/ml). However, the postprandial responses were varied ( Table 3 ). The mean incremental integrated IRI areas were significantly lower in the fructose group compared with the bread group (2195 +_ 180 103 versus 3770+768 .aU.ml -t.min -t, p <0.02, Table4) and the sucrose group (2195 +_180 versus 3162+_409, p<0.05, Table4). Mean integrated incremental IRI areas were not statistically significant between the sucrose and bread groups.
Mean fasting serum GIP levels were not different in the 3 groups (fructose: 533 _+ 144, sucrose: 538__. 177, bread: 477 +-77 pg/ml). After test meal ingestion, mean GIP levels increased significantly (p < 0.02) at 20 min in the sucrose group but not in the bread and fructose groups (sucrose, 1,200 +-190 versus bread, 750 +-69 and fructose, 619 +_ 123 pg/ml, p < 0.05). At all other times studied, mean GIP levels were not statistically significant between the 3 groups. However, mean integrated incremental GIP areas were significantly higher in both the sucrose (p < 0.01) and bread (p < 0.05) groups compared with the fructose group ( Table 4) .
The mean basal hepatic glucose outputs (RA at time = 0 rain) were 222 +-_ 60, 203 + 63, and 195 _+ 55 mg/min for the fructose, sucrose, and bread groups respectively (Table 3) . These values were not statistically significant. After oral meal ingestion, mean integrated incremental RA values were highest in the sucrose group, intermediate in the bread group, and least in the fructose group (p < 0.05 fructose versus bread and sucrose, Table 4 ). There was also a similar trend for the RU in all 3 groups (Tables 3, 4) . The mean MCR did not change from baseline values after the test meal ingestion in any of the 3 groups throughout the study period (Table 3) .
Mean urinary glucose excretion during the 180 min study period were 2.5 _ 1.6, 2.1 +_ 1.1 and 5.5 +_ 2.5 g for fructose, sucrose, and bread groups respectively. These values were not statistically significant.
Discussion
Recent attention has focused on complex CHO as a means of improving glycaemic control in diabetic patients [1-6, 31, 32] . There are still concerns that simple sugars may be rapidly absorbed and may cause wide glucose excursions. Indeed, most diabetologists, general practitioners and dieticians have accepted this notion for several decades. In contrast, other investigators have demonstrated that simple sugars such as glucose and sucrose given either as a meal or incorporated in natural meals elicit glycaemic responses similar to that of potato and wheat starch [15, 18] . The simple sugar, fructose, given alone or incorporated in natural meals resulted in lower glycaemic responses consistently in all these studies. In this light, Pekonen et al. [8] and other investigators [33] have suggested the use of fructose as a natural sweetener in the diets for norrnolipidaemic Type 1 and 2 diabetic patients.
Recently Jenkins et al. [13] have derived glycaemic indices for various food items which have been advocated as a guide for food selection for diabetic patients.
However, the applicability of such indices in a mixed meal remains controversial. Furthermore, glucose turnover rates were not evaluated in any of the previous studies after ingesting carbohydrate-enriched meals. Thus, whether increased rates of total splanchnic glucose appearance (RA) or decreased peripheral utilization (RU) of glucose predominates in the determination of overall glucose responses after different CHO meal ingestion in diabetic patients is unclear.
Our study showed that mean serum glucose responses after fructose-enriched meals were significantly lower compared with sucrose-and bread-enriched meals, and agreed with those of Bantle et al. [15] . Although the specific absorption rates of glucose after each CHO meal ingestion was not determined with a second oral isotope as suggested by Radziuk et al. [20] , and was not the purpose of our study, the similarities in the serum glucose levels and the total splanchnic glucose output (RA) after sucrose (disaccharide)-and pita bread (polysaccharide)-enriched meals indicate that probably enzymatic digestion and absorption are not the major limiting factors in the glucose responses following these two CHO-enriched meals [34, 35] . This is in agreement with the previous observations by Dahlquist and Borgstrom [34] and Fogel and Gray [35] , who demonstrated that after starch meals there is more than enough amylase present intraluminally to cause hydrolysis of starch with a hydrolytic capacity of 360 g/h. The available glucose moieties in the sucrose and starch meals were comparable in the present study. Our findings are also in agreement with those of Jenkins et al. [15] , who found a lower "glycaemic index" after fructose compared with sucrose and starch ingestion.
The serum glucose concentrations as well as RA returned to the baseline values at the end of 180 min in the fructose group. In contrast, both sucrose-and bread-enriched meals elicited higher incremental RA and serum glucose responses even at 180rain above the baseline values, suggesting prolonged and continuous absorption of these CHO as glucose moieties in our diabetic patients. It should, however, be noted that endogenous hepatic glucose production (HGO) contributes to the total RA since basal HGO is suppressed by approximately 66% after oral glucose ingestion [20] . This was not specifically assessed in our study. Furthermore, the lower incremental RA and serum glucose responses after the fructose-enriched meal may be attributed to the limited conversion of absorbed fructose to glucose as well as the rapid metabolism of fructose into trioses in the liver [31] . Shoemaker et al. [36] reported that 50% of ingested fructose is converted to glucose by the gut and the rest metabolized by the liver in dogs. However, lower figures have been reported by Cook [19] and Atwell et al. [21] . It is also possible that fructose per se may suppress hepatic glucose output.
The unchanged MCR after each meal indicates that peripheral glucose disposal is unlikely to explain the differences in glycaemic responses after CHO meals.
We should note that the use of MCR as a true reflection of peripheral glucose disposal remains uncertain [29, 30] . Nevertheless, a recent review by Radziuk et al. [37] has indicated that MCR may reflect the irreversible glucose uptake by tissues and may therefore measure insulin sensitivity. Despite higher IRI levels after both bread-and sucrose-enriched meals compared with those of a fructose-enriched meal, the MCR did not change from the baseline values in any of the groups. Thus, it appears that the physiologic insulin concentrations achieved in the present study played a very small role in improving glucose disposal in the patients. This may be ascribed, in part, to the severity of the previously reported insulin insensitivity of peripheral tissues associated with Type 2 diabetic patients. Furthermore, Meyer et al. [38] have demonstrated that diabetic patients have defective glucose oxidative and storage capacities. Our data, together with these previous observations, support the concept of defective insulin-and non-insulin-mediated glucose transport and metabolism in Type 2 diabetic patients.
The augmented insulin secretion observed after sucrose-and bread-enriched meals could be attributed to the higher serum glucose levels and/or other enteric factors such as the insulinotropic action of GIP [9, 16, 17] . In this respect, we have shown in previous studies that there are significant increases in GIP concentrations after oral ingestion of either sucrose-or bread-enriched meals when compared with fructose meals [9, 161. Within the physiologic insulin concentrations achieved in our study, the effects of peripheral insulin concentration on glucose disposal as assessed by MCR appear to be minimal after ingestion of different carbohydrate-enriched meals. From our data, we conclude that a) total splanchnic glucose output significantly influences the overall glycaemic responses after acute ingestion of carbohydrate-enriched meals in diabetic patients, and b) dietary recommendations favoring restriction of simple sugars in favor of complex carbohydrates are not supported by our findings.
